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Abstract
This study presents a comparative approach to investigate the potentials of two innovative methods for the 
synthesis of ZnO and Al-doped ZnO. The first method is a precipitation system working in mild hydrothermal 
conditions (90°C) using a tubular reactor (Segmented Flow Tubular Reactor, SFTR). The second method 
is a microwave-assisted hydrothermal process working at 250°C - 38 atmospheres. Nanocrystalline ZnO 
with a high specific surface area (49–68 m2/g) was obtained with both systems. Smaller equiaxed particles 
(50–70 nm) were obtained with the SFTR, with an excellent homogeneity in size and morphology, which was 
attributed to an excellent control of the process parameters (mixing, temperature, volume of reaction). A 
higher luminescence signal was measured on these samples. The microwave method leads to particles with a 
higher crystallinity due to the temperature of the reaction. A significant effect of the aluminum was observed, 
which reduces the crystal growth to produce equiaxed morphologies. This effect was enhanced by adding 
poly(acrylic) acid (PAA).
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I. Introduction
Nanomaterials attract the interest of the internation-
al research because they open new fascinating perspec-
tives in many applications domains [1]. However new 
generations of devices will depend on the availability of 
these nanomaterials at an industrial scale. The low-cost 
production of such advanced nanocrystals with well-de-
fined electronic, optoelectronic and catalytic properties 
still remains a big challenge, and strong efforts are be-
ing carried out on the development of more efficient and 
reliable synthesis processes.
This paper compares two innovative methods for the 
synthesis of zinc oxide nanoparticles, pure or Al-doped. 
The first one is a precipitation system in mild hydrother-
mal conditions (90°C) using a tubular reactor the Seg-
mented Flow Tubular Reactor (SFTR) [2]. Tubular re-
actors, when compared with batch reactors, are of great 
interest for powder production targets because they can 
easily be operated under a continuous mode. The Seg-
mented Flow Tubular Reactor, or SFTR, has been devel-
oped to overcome the classical problems of powder pro-
duction scale-up from batch processes. By generating 
identical micro-reactors giving a homogeneous mixing 
of the reactants, the SFTR avoids poor mixing and in-
homogeneous reaction conditions often encountered in 
classical large batch reactors. This process has proved 
its versatility and its robustness through the preparation 
of several different products (CaCO3 [3], BaTiO3 [4], 
oxalates [5,6]) assuring a high powder quality (chemi-
cal and phase composition, particle size, and shape) and 
reproducibility over time. The transfer of the laboratory 
conditions to an industrial scale of production can eas-
ily be achieved by multiplying the number of individu-
al tubular reactors running in parallel - that is to say to 
“scale-out” rather than “scale-up” [7,8]. 
Zinc oxide nanoparticles were also synthesized 
through a hydrothermal route, using a microwave heat-
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ing. This process has significant advantages over con-
ventional hydrothermal reactions, where the limiting 
step is mainly the heat transfer between the furnace, re-
actor, and reaction mixture [9]. It allows considerably 
faster heating rates, leading to a higher degree of crystal-
linity of the materials, and higher nucleation rates, lead-
ing to the formation of finer solid particles [10–12]. 
Zinc oxide is a very popular material, having a wide 
range of applications in ceramics, coatings, and elec-
tronic devices. It is an II-IV semiconductor, with a wide 
band-gap (3.37 eV at room temperature), and a large 
exciton binding energy (60 meV). These particular fea-
tures make ZnO one of the most promising candidates 
for room temperature UV lasers and short-wavelength 
optoelectronic devices. Some detailed reviews have ap-
peared in recent years, dedicated to ZnO synthesis [13], 
its electronic properties [14], applications of ZnO as 
varistors [15], quantum dots [16] and photonic devic-
es [17].
Al-doped ZnO compounds are well-known materi-
als used as transparent conductive oxides (TCOs) for 
transparent electrodes in electronic devices [18–20], 
or as thermal insulator films in low emissive windows 
[21]. The aluminum doping of ZnO is an n-type doping, 
resulting in ZnO films with a higher conductivity [22]. 
Al-doped nanoparticles exhibit a higher optical band-
gap [23] and a higher luminescence is observed for an 
optimum Al concentration depending on the synthesis 
process [11,24]. In this study aluminum was added as a 
dopant in both synthesis systems, and the luminescence 
of the powders was measured and compared.
II. Materials and Methods
2.1 Mild-hydrothermal precipitation: SFTR
Zinc oxide nanoparticles were produced by precip-
itation in mild hydrothermal conditions by using the 
Segmented Flow Tubular Reactor (SFTR). A schemat-
ic view of the SFTR is given in Fig. 1. It is composed 
of three distinct parts: a micromixer, a segmenter, and 
a tubular reactor placed in a thermostatic bath at 90°C. 
The reactants are introduced through the micromixer 
where the initial supersaturation is created. The mixing 
time is estimated around 10 ms [25]. The reacting mix-
ture is then segmented by an immiscible solvent: dode-
cane in the case of ZnO precipitation. Thus small sus-
pension volumes (~ 0.2 cm3) are created, which can be 
assimilated to microreactors, where the precipitation 
and growth takes place. The time of the reaction is de-
termined by the pump speed and the tube length, and is 
around 10 minutes in the considered reaction. This pro-
cess is in a steady-state situation in which each step, 
mixing and ageing, is well separated, leading to a bet-
ter control and reproducibility. After the tubular reactor, 
a heat-exchanger is placed to stop the reaction, and cool 
down the reacting mixture to room temperature. Then a 
decanter allows the separation of the aqueous suspen-
sion and the immiscible fluid. The powder in the aque-
ous phase is collected, while the dodecane is recycled in 
the process for environmental and cost considerations.
The precipitation of ZnO results from the mixing of 
zinc nitrate and sodium hydroxide aqueous solutions. 
The Zn2+ reaction solution at 0.10 M was prepared by 
dissolving Zn(NO3)2×6H2O in ultra pure water. Alu-
minium nitrate (Al(NO3)3×9H2O) was introduced in 
the zinc nitrate solution in different amounts for Al-
doping: Al/Zn molar ratios were 0.5% and 1.0%. The 
NaOH reaction solution at 0.11 M was prepared by di-
luting a titrated solution NaOH 1 M in ultra pure water. 
Poly(acrylic acid) (PAA Mw 2000) at 0.05 wt.% is added 
in the NaOH reaction solution for a better control of the 
precipitated powder [26]. After reaction, the suspended 
powder is washed 4 times with ultra pure water, before 
being filtered and dried for 24 hours at 70°C.
2.2 Microwave-assisted hydrothermal precipitation
The microwave-assisted hydrothermal precipita-
tion was conducted using a home-made stop-flow re-
actor. This equipment allows an automatic pumping of 
the precursor into a batch reactor of 250 mL, and can 
deliver a maximum heating power of 1000 W. Zinc hy-
droxide Zn(OH)2 was prepared by adding KOH 5.0 M 
to a solution of Zn(NO3)2×6H2O 1.0 M at room tem-
perature until the pH reaches 10. Aluminium nitrate 
(Al(NO3)3×9H2O) was introduced in the zinc nitrate so-
lution in different amounts for Al-doping: Al/Zn molar 
ratios were 0.05 and 0.10. Some poly(acrylic acid) (PAA 
Mw2000) at 0.025 wt.% was also introduced to study its 
influence on ZnO precipitation. This precursor was then 
transferred to the microwave-assisted hydrothermal re-
Figure 1. Schematic views of the Segmented Flow Tubular Reactor (SFTR) 
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actor, and heated at 38 atmospheres at 250°C during 30 
minutes. After the process completion, the product ob-
tained was washed 4 times with ultra pure water, before 
being filtered and dried for 24 hours at 70°C.
2.3 Powder characterization
The phase identification of the precipitates was made 
with powder X-ray diffraction (XRD, Philips X’Pert 
diffractometer, Cu-K
α
 radiation). XRD peak broadening 
was used to determine the size of the primary crystallite 
using the Scherrer equation (Eq. 1). The instrumental 
broadening was determined using alumina with a large 
crystal size (> 1 µm).
 (1)
where K is equal to 0.9 [27], λX is the X-ray wavelenght, 
βXp is the integral breadth of the material, calculated us-
ing βXp = √(β² – β²alumina), and β the integral breadth is the 
ratio of the area and the height of the diffraction peak.
The powder morphologies were analyzed by scan-
ning electron microscopy (SEM, Philips XL 30 FEG mi-
croscope). The SEM samples were prepared by dispers-
ing the powder in ethanol. One drop of the suspension 
was then deposited on an aluminum support and dried in 
air. TEM micrographs were obtained from a Philips CM 
200 TEM operating at 200 kV at room temperature. 
The density of the powder was measured with He-
lium pycnometry (Micromeritics Acoupyc 1330). Be-
fore the measurement the samples were dried at 200°C 
in air for 1 h.
Brunauer-Emmett-Teller (BET) specific surface ar-
eas SBET (m²g
-1) were estimated from N2 adsorption iso-
therms (Micromeritics Gemini 2375). The size of the 
primary particles, dBET (nm), were calculated by assum-
ing spherical monodisperse particles (Eq. 2), with ρ the 
density of the material measured by pycnometry.
 
 (2)
Before BET measurements the samples were dried at 
200°C in flowing nitrogen for 1 h. 
The actual content of Zn and Al in the powder was 
determined by Inductively Coupled Plasma - Optical 
Emission Spectroscopy (ICP-OES, Perkin Elmer Opti-
ma 3300).
The particle size distribution (PSD) was collect-
ed using a centrifugal method (CPS, Disc Centrifuge 
Model DC 24000). Thermogravimetric curves (TGA, 
Mettler TGA/DSC/TMA analyzer) were collected from 
room temperature to 800°C under flowing air at a heat-
ing rate of 10 °C/min. 
Photoluminescence (PL) was measured at room 
temperature, using Spectrofluorimeter CM2203 (Solar) 
with a 150 W high pressure Xe lamp. Both slits (ex-
citation and detection) of the monochromator were set 
at 5 nm optical width. The sample was excited at 300 
nm wavelength, and photoluminescence was measured 
from 340 nm to 820 nm. 
III. Results and discussion
The powders characteristics are presented in Table 
1. Powders synthesized via the SFTR show a well-de-
fined diffractogram matching the ZnO pattern of wurtz-
ite (ICDD 075-0576) whatever the aluminium content 
(Fig. 2). The precursor mixture prepared at room tem-
perature for the assisted-microwave hydrothermal treat-
ment is a poorly crystalline phase composed of Zn(OH)2, 
ZnO, and Al(OH)3 when aluminium nitrate is added as a 
dopant. After the microwave-assisted hydrothermal treat-
ment crystalline ZnO is formed. However the XRD dif-
fractogram of the doped sample MW-Al0.05 shows some 
small peaks that have been attributed to the spinel phase 
ZnAl2O4 (stars in the diagram). Because of the small in-
tensity of those peaks, it is really difficult to ensure that 
this phase has not been formed in the other doped sam-
ples with the microwave method (MW-Al0.1, MW-
Al0.05-PAA). It would be in agreement with recent pa-
pers showing that the solubility limit of Al in ZnO is very 
low (1 to 3% depending on the authors [28,29]) before 
ZnAl2O4 appears as a second phase.
The ICP-OES analysis (Table 1) shows that the alu-
minum has been incorporated in all doped powders. Af-
Table 1. Results of Al/Zn by ICP-OES, dXRD, SBET, dBET, and weight loss measured by TGA, of ZnO and Al-doped ZnO powders 
obtained with the SFTR and the microwave-assisted hydrothermal process
Sample code As-synthesized powder 10 min – 450°C
Method Al/Zn ratio-additive Al/Zrby ICP-OES
dXRD
[nm]
SBET
[m2/g]
density
[g/cm3]
dBET
[nm]
Weight loss 
TGA [%]
SBET
[m2/g]
density
[g/cm3]
SFTR
  Al0-PAA 0 24 68 4.07 22 13.3 21 5.10
  Al0.005-PAA 0.01 22 66 4.08 22 14.4 29 5.09
  Al0.01-PAA 0.02 25 62 4.02 24 15.7 26 5.18
MW
  Al0 0 38 7 5.46 157 1.6
  Al0.05 0.05 35 18 5.07 66 4.7
  Al0.1 0.10 30 39 4.99 31 5.3
  Al0.05-PAA 0.05 22 49 4.71 26 8.0
)cos(⋅
⋅=
pX
X
XRD
Kd
⋅
=
BET
BET S
d 6000
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ter a mild-hydrothermal reaction with the SFTR, the 
Al/Zn molar ratio in the powder is twice the initial ra-
tio in the reactive solution. It is coherent with the ther-
modynamic conditions and our experimental observa-
tions, where only 53 at.% of the zinc was precipitated, 
and 47 at.% remained as soluble Zn species (Zn2+ and 
Zn(OH)+) [26]. Therefore we can conclude that all the 
aluminum introduced in the reactive solution has been 
incorporated into the precipitated powder. After the as-
sisted-microwave hydrothermal process the same con-
tent of aluminium is measured in the powder to that in 
the reactive mixture. However the way the aluminum is 
incorporated is still unknown, and is the subject of our 
current research.
Crystallite sizes of powders were calculated using 
the [100] reflection and are given in Table 1. Zinc ox-
ide precipitated by microwave-assisted hydrothermal 
process without aluminium or polymeric additive pres-
ents a crystallite size of 38 nm. By adding aluminum 
the crystallite size is slightly decreased towards 30 nm 
for Al/Zn = 0.10. By adding PAA, the crystallite size is 
decreased further to 22 nm. Similar effects have been 
observed on ZnO powders synthesized in mild-hydro-
thermal conditions [26]. The crystallite sizes of sam-
ples obtained with the SFTR with PAA and Al are in the 
same range (22 to 25 nm). Therefore both processes al-
low the synthesis of Al-doped ZnO nanocrystals, and 
for both an inhibition of the crystal growth is observed 
in presence of PAA.
All powders obtained with the SFTR show very 
high specific surface areas (62 to 68 m2/g), whatever the 
aluminum content. After elimination of PPA by a heat 
treatment of 10 minutes at 450°C, the specific surface 
area is decreased to 21–28 m2/g. MW-Al0 from the mi-
crowave-assisted hydrothermal process presents a low-
er surface area of 7 m2/g. The addition of aluminum as a 
dopant leads to a significant increase of the specific sur-
face area, to 39 m2/g with Al/Zn = 0.10, and the further 
addition of PAA leads to a further increase to 49 m2/g.
The analysis of TGA curves (Fig. 3) show that PAA 
is strongly adsorbed at the surface of ZnO. The first 
weight loss between 30 and 200°C was attributed to 
the removal of physically adsorbed water. The second 
weight loss between 200 and 400°C is the consequence 
of two phenomena: the decomposition of chemically 
bound hydroxyl groups, and the removal of the organic 
compound. A higher amount of PAA is adsorbed at the 
surface of samples obtained with the SFTR, which can 
be related to the higher specific surface area of those 
samples.
Figure 2. XRD patterns of ZnO and Al-doped ZnO powders synthesized with the SFTR and the microwave-assisted
hydrothermal process (* ZnAl2O4)
Figure 3. TG curves obtained for ZnO and Al-doped ZnO 
powders synthesized with the SFTR and the microwave
-assisted hydrothermal process (heating rate 
10 °C/min in flowing air 30 mL/min)
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Figure 4. SEM and TEM micrographs of ZnO and Al-doped powders from different synthesis conditions
(a,b,c) SFTR-Al0-PAA, (d) SFTR-Al0.005-PAA, (e) MW-Al0, (f) MW-Al0.05, (g) MW-Al0.10,
(h) MW-Al0.05-PAA
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The powder density was measured by helium pyc-
nometry. The density of MW-Al0 (d = 5.46, Table 1) 
is close to the theoretical density of ZnO (d =5.606), 
which indicates a good crystallinity of this material. 
The addition of aluminium leads to a slight decrease of 
the density. This could indicate that Al is incorporated 
into the crystal lattice (lower molecular weight of Al: 27 
g/mol, compared to Zn: 65 g/mol), however further re-
search needs to be pursued to confirm this. The density 
of MW-Al0.05-PAA is lower than MW-Al0.05 because 
of the presence of the adsorbed polymer. Also in mild-
hydrothermal conditions low densities around 4 were 
measured, which were explained by a lower crystallin-
ity and a higher amount of adsorbed PAA. Thus after a 
heat-treatment, densities around 5.1 were obtained for 
these samples. No effect of the aluminum content was 
observed certainly due to the very low concentration as 
measured by ICP-OES.
From SEM observations, the SFTR process produc-
es particles homogeneous in size, with a narrow particle 
size distribution (PSD) and equiaxed morpho logies (Fig. 
4a-d). The mean particle size of SFTR-Al0-PAA mea-
sured from a centrifugal method is dv50 = 64 nm (Fig. 5). 
The addition of a very small amount of aluminium (Al/
Zn = 0.01) leads to a decre ase to dv50 = 46 nm. The pow-
er of the SFTR is that it allows a continuous production 
of very homogeneous ZnO nanocrystals, in a very repro-
ducible way [24]. The current investigation shows that 
this behaviour can be extended to Al-doped ZnO with 
different Al contents. Nanoparticles are also formed via 
the microwave-assisted hydrothermal method, as shown 
in Fig. 4e-h. By adding some aluminium the elongation 
observed in many particles of MW-Al0 is reduced. The 
addition of PAA also inhibits the elongated growth lead-
ing to smaller and more homogeneous particles (150–
200 nm) with equiaxed morphologies. Without any ad-
ditive or dopant the microwave-assisted hydrothermal 
method seems to lead to a chaotic nucleation and growth, 
leading to less control on the final particle size and PSD 
than when using the SFTR. This is mainly explained by 
the use of a micromixer in the SFTR, which controls the 
initial supersaturation, and the smaller reaction volume 
(~0.2 cm3 for each droplet) which ensures a more homo-
geneous heating and concentration profile. 
Photoluminescence spectra were recorded on the 
different samples (Fig. 6). All of them show a character-
istic peak at 380–385 nm, and a wide green to red band 
(500–800 nm) typical of defects in the material [30,31]. 
The magnified spectra between 340–420 nm shows that 
the powders synthesized via the SFTR present a higher 
luminescence signal, the intensity is 2 to 3 times higher 
than the intensity measured on microwave samples. For 
the SFTR samples, the addition of aluminum does not 
improve the luminescence around 380 nm, but increas-
es the intensity of the broad band, presumably because 
more defects such as oxygen vacancies are created. For 
the samples synthesized by using the microwave meth-
od, there is a significant increase of the intensity of the 
signal around 380 nm by adding aluminum, whereas the 
intensity of the broad band is lower.
IV. Conclusions
This comparative approach has been very useful to 
investigate the potentials of two innovative methods 
for the synthesis of nanocrystalline ZnO and Al-doped 
ZnO. The microwave-assisted hydrothermal process 
presents the advantage of directly forming a fully-crys-
talline powder because of a higher temperature (250°C). 
A better control of the size and the morphology is ob-
tained by adding aluminum as well as poly(acrylic) 
acid (PAA), and equiaxed particles (150–200 nm) were 
finally obtained with a high specific surface area (49 
m2/g, indicative of primary particles of around 25 nm). 
The mild-hydrothermal precipitation with the SFTR al-
Figure 5. Particle size distributions of ZnO and Al-doped 
ZnO powders synthesized with the SFTR, measured
by centrifugal sedimentation (CPS)
Figure 6. Room temperature photoluminescence (PL)
spectra of ZnO and Al-doped ZnO powders synthesized
with the SFTR and the microwave-assisted hydrothermal 
process (excitation: 300 nm). Inset is an expanded 
scale for the 350 to 420 nm section of the spectra
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lows the synthesis of nanoparticles with a higher specif-
ic surface area (68 m2/g) and an excellent homogeneity 
in size and shape, in a continuous and reproducible way. 
This is mainly attributed to a better design of the pro-
cess itself with a very good control of the process pa-
rameters (mixing, temperature, volume of reaction etc.) 
which are essential in precipitation. Higher intensity 
of the luminescence was measured on the SFTR sam-
ples. From this study it seems that a small amount of al-
uminium (up to 1%) could be incorporated inside the 
ZnO structure, whereas with more aluminium a second 
phase, ZnAl2O4, starts to precipitate. However the way 
the aluminum is incorporated (inside the crystal, or seg-
regated at the surface and/or at grain boundaries) is still 
unknown, and is the subject of our current research.
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